Introduction
High-valent molybdenum-oxo complexes are of considerable interest as catalysts for oxidation reactions. 1, 2 In nature, molybdenum oxotransferases are a broad class of enzymes that transfer an oxygen atom to or from a substrate, using mainly water as a source of oxygen. 3 The active site of these enzymes consists of a molybdenum(VI) center substituted by at least one oxo group and one or two molybdopterin ligands. 4 In order to mimic the activity of such enzymes, a wide range of model compounds containing a high valent [MoO 2 ] 2+ core have been prepared. 5 While oxygen atom transfer (OAT) capability of such complexes can be investigated using phosphines or sulfides as oxygen accepting substrates, they are also commonly used as catalysts for alkene epoxidation reactions and have thus found wide applications in industry. 6 In the most efficient systems, tert-butyl hydroperoxide or hydrogen peroxide solutions are used as oxidant. 1, 7 However, following the principles of sustainable chemistry, the use of molecular oxygen as oxidant would be highly desirable; it is abundant, cheap, readily available and ideally does not lead to the formation of sideproducts. 8 Despite these advantages, controlling the reactivity of dioxygen with transition metal centers is a challenge.
Although many iron, manganese and copper complexes are known to react with dioxygen, 9 only rare examples of molecular oxygen activation by molybdenum have been previously reported, 10, 11 including one by our group, 12 and the reactivity of these oxo-peroxo molybdenum is limited. Few homogeneously molybdenum catalyzed oxidations employing molecular oxygen were reported. A bimetallic molybdenum/copper catalyst was disclosed by Osborn and coworkers for the oxidation of alcohols. 13 It represents a "Wacker-type reaction"
where the alcohol is oxidized by molybdenum but reoxidation is mediated by the copper co-catalyst and not by molecular oxygen directly. Selected reports can be found in literature where O 2 was used in Mo catalyzed oxidation chemistry 14 but high catalyst loadings were needed and/or it remains unclear whether autooxidation is occurring. In the course of our ongoing research on high-valent molybdenum-oxo complexes bearing Schiff-base ligands and their reactivity in OAT reactions, [15] [16] [17] we report herein the synthesis and characterization of a new molybdenum(VI) dioxo complex which can be reduced and subsequently activate dioxygen to form a new molybdenum(VI) oxo-peroxo complex. This activation proceeds via the formation of a five-coordinated molybdenum(IV) mono-oxo complex or a highly unusual trans-[MoO(PMe) 3 ] 2+ intermediate which was characterized by NMR spectroscopy and elemental analysis. Furthermore, we demonstrate that the molybdenum(VI) oxo-peroxo complex is also active in OAT reaction and able to transfer both oxygen atoms of the peroxo moiety to an accepting substrate. Benchmark oxidation of tertiary phosphine 18 confirms the catalytic activity of the complexes. This reactivity is a new step toward the use of oxygen as oxidant in molybdenum-catalyzed oxidation reactions.
Results and discussion
The . This structure was confirmed by single crystal X-ray diffraction analysis. Suitable crystals were obtained from concentrated solution of 1 in toluene (Fig. 1) . Crystal data and structure refinements are presented in the Experimental section. Complex 1 exhibits a six-coordinate metal center in a distorted octahedral geometry.
Reactivity of the dioxo complex 1 in oxygen atom transfer (OAT) reactions was studied using trimethylphosphine and triphenylphosphine as oxygen acceptor substrates, allowing easy monitoring by 31 P NMR spectroscopy. Single crystals suitable for X-ray diffraction analyses of complex 4 were obtained from concentrated THF solutions layered with pentane at room temperature. Crystal data and structure refinements are presented in the Experimental section. The structure reveals a hepta-coordinated metal center in a distorted pentagonal bi-pyramidal geometry (Fig. 2) Fig. S3 in ESI †). These observations are noteworthy as phosphine is usually strongly coordinated, so that prior oxidation is required for its displacement. Here, the steric demand of the ligand and the trans-effect resulting from the presence of the oxo group leads to a weakly coordinated PMe 3 rendering the system reactive. Such labilization of phosphine ligands due to a trans-effect was already observed with other Mo complexes. 25 The fact that the free PMe 3 equivalent could be oxidized under O 2 atmosphere in presence of 4 lead us to investigate the role of the oxo-peroxo complex as possible catalyst for the oxidation of phosphine using O 2 , as described thereafter. In order to exclude auto oxidation of PMe 3 and to prove the reactivity of the oxo-peroxo complex in OAT, the reaction of 4 with 2 equiv. PMe 3 in exclusion of O 2 was investigated (Scheme 4). Monitoring the reaction by 1 H and 31 P NMR spectroscopy revealed that the oxo-peroxo complex 4 is able to oxidize tertiary phosphines, but more importantly that both atoms of the peroxo group are involved in this transfer. Although the reaction does not go to completion, 1 H NMR spectra show formation of a new molybdenum species and OPMe 3 in a 1 : 2 ratio, along with unreacted PMe 3 and complex 4. As shown in Fig. 3 , after t = 5 h approx. 25% conversion is decomposition of the complex, but is a successful progress toward the use of molecular oxygen as sole oxidant in catalytic OAT reactions.
Conclusion
We were able to prepare a new molybdenum(VI) dioxo complex 1 which is active in oxygen atom transfer reaction to tertiary phosphines, allowing the isolation of the unusual trans-[MoO-(PMe 3 )L 2 ] complex 2. The activation of molecular oxygen by the reduced species yields the oxo-peroxo complex [MoO(O 2 )-L 2 ] 4 in excellent yield. 4 is also active in OAT and NMR spectroscopy studies show that both atoms of the peroxo group are transferred to phosphine. Hence, the molybdenum (VI) dioxo complex 1 exhibits promising results as catalyst for oxidations using O 2 as the oxidant.
Experimental section
All reactions have been carried out under nitrogen using standard Schlenk or glovebox techniques. [MoO 2 Cl 2 ] was purchased from Sigma-Aldrich and used in the Glovebox without further purification. The Schiff base ligand was synthesized according to previously published literature. 19 Solvents were purified via a Pure-Solv MD-4-EN solvent purification system from Innovative Technology, Inc. The 1 H and 13 C NMR spectra were recorded on a Bruker Optics Instrument 300 MHz. Peaks are denoted as singlet (s), doublet (d), doublet of doublets (dd), triplet (t) and multiplet (m), Ar denotes aromatic protons. Chemical shifts are reported in ppm and are referenced using the residual solvent peak. To obtain self-diffusion coefficients we used two-dimensional diffusion ordered spectroscopy (DOSY). 26 The employed pulse sequence was a bipolar pulse pair longitudinal eddy current delay (BPP-LED) sequence, using 32 scans per increment, 60 ms diffusion delay time, 1 ms gradient pulses and variation of the gradient strength in 32 increments, linearly varied between 2 and 95% of maximum (which is 53.5 G cm −1 ). DOSY analysis was performed using the Bruker DOSY package of TopSpin 3.1. All DOSY measurements were carried out at 300 K on a Bruker Avance III 500 MHz NMR spectrometer using a 5 mm TXI probe with z-axis gradients. IR spectra were measured as solid samples on a Bruker Alpha P Diamond FTIR-ATR spectrometer or as liquid samples in benzene on a Bruker FT-MIR matrix MF in situ spectrometer using a glass fiber optic probe. ESI-MS spectra were recorded in acetonitrile on an Agilent 1100 Series LCMSD (SL type). Elemental analyses were carried out using a Heraeus Vario Elementar automatic analyzer at the Institute of Inorganic Chemistry at the University of Technology in Graz. 
[MoO 2 L 2 ] (100 mg, 0.14 mmol, 1 equiv.) was dissolved in dry toluene and excess PMe 3 (70 μL, 0.7 mmol, 5 equiv.) was added. The OAT was indicated by a quick change of color from orange to dark red. After stirring for 3 hours, the solvent and excess PMe 3 were removed under reduced pressure. The obtained material was re-dissolved in cold dry heptane (5 mL) and filtered over a pad of Celite. After evaporation of the solvent, complex 2 was obtained as dark red solid. Yield: 95 mg (87%). Anal
[MoOL 2 ] (3)
[MoO 2 L 2 ] (100 mg, 0.14 mmol, 1 equiv.) was dissolved in dry toluene and an excess PPh 3 (74 mg, 0.28 mmol, 2 equiv.) was added. The OAT was indicated by a quick change of color from orange to purple. After stirring for 15 hours, the solvent was removed under reduced pressure. The obtained material was re-dissolved in cold dry heptane (5 mL) and filtered over a pad of celite. After evaporation of the heptane, [MoOL 2 ] was obtained as a purple solid in 60% yield, with partial decomposition to the free ligand and traces of triphenylposphine. .
[MoO 2 L 2 ] (100 mg, 0.14 mmol, 1 equiv.) was dissolved in dry benzene (5 mL) followed by the addition of excess PMe 3 (53 mg, 70 µL, 0.70 mmol, 5 equiv.). The OAT was indicated by a quick change of color from orange to dark red. The solution was stirred for 30 minutes, followed by exposure of this solution to dry molecular oxygen for 5 minutes. The reaction solution quickly changed the color from dark violet to orange. The mixture was left to stir for 30 minutes and the solvent was removed in vacuo. The product was dissolved in heptane (5 mL) and twice filtered over a pad of Celite. 
OAT kinetic study
In the glovebox, a solution of 7 mg of complex 1 in 5 mL toluene (2 × 10 −3 mol L −1 ) and a solution of 15 mg PMe 3 in 1 mL toluene (0.2 mol L −1 ) were prepared. Using a micropipette, 100 µL of the solution containing the complex were placed in a quartz cuvette and 2 mL toluene were added. Then 100 µL of the solution containing PMe 3 were added and the cuvette was sealed with a Teflon stopper and parafilm. The sample was removed from the glovebox and the measurement immediately started. The reaction was monitored by the dissapearance of the signal at 430 nm, at room temperature using a Cary50 Conc. UV-Vis spectrophotometer under PC control using the kinetics program "Scan" included with the instrument software. The same procedure was followed preparing a solution of 7 mg of complex 4 in 5 mL toluene (2 × 10 −3 mol L
−1
).
Structure determination
For X-ray structure analyses the crystals were mounted onto the tip of glass fiber and data collection was performed at 100 K using graphite monochromated Mo K α radiation (λ = 0.71073 Å) with a BRUKER-AXS SMART APEX II diffractometer equipped with a CCD detector. Essential details of the crystaldata and structure refinements for compounds 1 and 4 are summarized in Table 2 . Crystallographic data for the structures of compounds 1 and 4 have been deposited with the Cambridge Crystallographic Data Center [CCDC 1413968 for 1, CCDC 1413969 for 4]. Crystal structure determination of 1. The structure was solved by direct methods (SHELXS-97) and refined by fullmatrix least-squares techniques against F 2 (SHELXL-2014/6).
The non-hydrogen atoms were refined with anisotropic displacement parameters without any constraints. The H atoms of the phenyl rings as well as the H atoms bonded to the C atom of a CvN double bond were put at the external bisectors of the C-C-X angles at C-H distances of 0.95 Å and common isotropic displacement parameters were refined for these H atoms of the same ligand. The H atoms of the methyl groups were refined with common isotropic displacement parameters for the H atoms of the same tert-butyl group and idealized geometries with tetrahedral angles, enabling rotation around the C-C bonds, and C-H distances of 0.98 Å.
Crystal structure determination of 4. The structure could be solved (SHELXS-97) by interpretation of the patterson map (second solution) in the non-centrosymmetric space group C2, but not in centrosymmetric C2/c. After completion of the molecule an inversion center could be detected and the structure was refined by full-matrix least-squares techniques against F 2 (SHELXL-2014/6) in the centric space group C2/c after an appropriate shift of the origin. A void of approx. 188 Å 3 is occupied by a THF molecule disordered over two orientations lying near a center of symmetry or by a n-pentane molecule at the inversion center. The ratio of the refined occupation factors is 0.768(6) to 0.232 (6) . The non-hydrogen atoms of the solvent molecules were refined with isotropic displacement parameters with some restraints. The H atoms of the solvent molecules were included at calculated positions with their isotropic displacement parameters fixed to 1.2 times U eq of the C atom they are bonded to. The non-hydrogen atoms of the metal complex were refined with anisotropic displacement parameters without any constraints. The H atoms of the phenyl rings were put at the external bisectors of the C-C-C angles at C-H distances of 0.95 Å and common isotropic displacement parameters were refined for the H atoms of the same ring. The H atoms H10 and H30 were put at the external bisector of the C-C-C angle at a C-H distance of 0.95 Å but the individual isotropic displacement parameters were free to refine. The H atoms of the methyl groups were refined with common isotropic displacement parameters for the H atoms of the same group and idealized geometries with tetrahedral angles, enabling rotation around the C-C bond, and C-H distances of 0.98 Å.
